Modern wastewater utilities need to be able to measure and quantify the amount of methane from their treatment facilities in order to understand the potential energy that can be produced and the amount of methane being lost. This paper describes the application of a novel sampling bailer designed for the collection of wastewater samples that minimises methane losses. Samples collected during and following anaerobic treatment from a wastewater treatment plant using a novel sampling bailer were analysed using a previously optimised analytical method. Analysis of wastewater and anaerobic pond samples using current industry approaches resulted in dissolved methane concentrations ranging from 0.01 to 14.33 mg L 
INTRODUCTION
Modern municipal wastewater treatment plants emit methane (Cakir & Stenstrom ; Daelman et al. ) . As such, methane in wastewater is both an opportunity and a liability to wastewater treatment plant operators (Tauseef et al. ). The opportunity lies in the capture of methane which can then be used as a fuel source (Hatamoto et al. ; Daelman et al. ) . Alternatively, if the methane is not captured, it has the potential to negatively impact as a greenhouse gas (GHG) in the atmosphere (Cloy & Smith ) . Thus, methane can be perceived as a liability in Carbon Trading or Pricing Schemes, where fugitive methane emissions need to be accounted for and a carbon equivalence price paid/offset (NGER ). As such, it is important for utilities collecting and treating wastewater to accurately and reliably measure and quantify the amount of GHG being emitted (Beale et al. ) , specifically methane from wastewater and wastewater treatment facilities.
With that in mind, two parallel projects were undertaken in order to accurately and reliably measure the concentration of dissolved methane in wastewater during and following anaerobic treatment within a wastewater treatment plant. The first study detailed the development of a modified analytical methodology for the improved measurement of sampled wastewater (Beale et al. ) . The second study, detailed herein, focused on developing an improved sampling protocol using a closed bailer device.
The determination of the dissolved methane in wastewater requires an appropriate methodology for sample collection and quantification. Sampling at a wastewater treatment facility is often difficult and challenging (due to confined spaces and large operational equipment and physical barriers). As such, sampling is generally conducted by one of two means: collection with devices that are lowered into the wastewater (i.e., a bailer) or retrieval of sample via displacement pumps operating at low flow rates (Walsh & McLaughlan ; Souza et al. ) . Some researchers have compared these two methods independently (Walsh & McLaughlan ; Beale et al. ) , with conflicting results. In this study a novel closed sampling bailer device, which has not been previously used for the sampling of dissolved methane within a wastewater treatment plant, was used and compared with the current industry standard. The novel closed sampling bailer device enables the sample bottle to be closed/capped whilst in stream, eliminating any potential losses to the atmosphere. In contrast, the current approach used by the majority of wastewater utility operators involves an open vessel for sample collection (an open bailer device (Commercial Telescopic Sampler)), where the sample collected is later transferred into vials and capped prior to analysis. This approach is based on the methodology developed by Kampbell & Vandegrift () .
MATERIALS AND METHODS

Sampling locations
Samples were collected in triplicate from various locations at Melbourne Waters' Western Treatment Plant (Date: 4th February 2015, Melbourne, Victoria) to better understand dissolved methane concentration profiles through the plant and compare samples collected using a novel closed sampling bailer with current industry practice. Details of the sampling points and their characteristics are summarised in Table 1 ( Figure S1 in the Supplementary Material provides a schematic of the sample locations; available with the online version of this paper).
The wastewater sampled is believed to be either saturated or supersaturated with methane [>21. Water estimates that 10-20% of the generated methane is lost to the atmosphere (i.e., not captured with the collected biogas) in the effluent leaving the covered anaerobic lagoon (Melbourne Water, personal communication, 2014) .
Sampling approach
The novel closed sampling bailer device A novel sampling bailer was developed for the collection of wastewater that aims to minimise sample disturbance for the purpose of maximising methane recovery for the accurate analysis of methane. The bailer was constructed from two sections of polyvinylchloride tube (and an internal 65 mm sleeve and an 85 mm diameter external sleeve) which is adjustable in length (maximum 4 m). The bailer comprises an internal rod that allowed the opening and closing of a 100 mL Schott-Duran sample bottle. Schott-Duran sample bottles were selected because they are relatively easy to open and close mid-stream and are free of springs and other components (such as Niskin bottles) that potentially can get blocked by solid particulates found in wastewater.
To aid the analytical testing, the sample bottle cap had a flexible silicon/polytetrafluoroethylene (PTFE) septum allowing the use of syringes for sample removal and analysis without loss of methane. The bailer comprised pre-drilled holes that enabled wastewater to flow into the sample bottles once submerged (for completeness, a schematic diagram of the novel bailer device is presented in Figure S2 in the Supplementary Material; available with the online version of this paper). Sample bottles were immersed to a depth of 1.0-1.5 m. In total, six samples were collected at each sample location.
Commercial telescopic beaker sampler
The existing protocol employed by Melbourne Water's analytical service provider (and the industry more widely) is reliant upon the use of a commercial telescopic beaker sampler (open bailer). This involves the immersion of a plastic beaker attached to a telescopic arm to a depth of 0.5-1.0 m, after which the wastewater is poured directly into vials and then capped.
Sample transport
After collection, the capped vials collected from the commercial telescopic beaker sampler and bottles collected from the novel closed sampling bailer device were labelled, inverted upside down to avoid the loss of any gases, inserted in plastic bags and placed in a cooler filled with ice for transport. All sample vials and bottles were void of a headspace. Upon arrival at the laboratory, samples were stored in the dark at <4 W C until analysed; all samples were analysed within 72 hours of sampling.
Sample preparation
A 15 mL aliquot of wastewater was slowly transferred down the side of a 22 mL headspace vial (Agilent Technologies, Mulgrave) from the sample bottles/vials using two PTFE syringes each fitted with an 18G needle. The headspace vial contained 25% (w/v) sodium chloride (NaCl) and was preserved with 100 μL of concentrated hydrochloric acid before being capped with a silicon/PTFE septa. Samples were then sonicated (50 Hz for 30 min) in order to homogenise the particulates in the sample and encourage methane release into the vapour phase. Sonication of the samples has previously been found to eliminate the formation of a particulate layer between the sample and the headspace (Beale et al. ) . All samples were kept cold at 4 W C and were analysed in triplicate within 4 h of preparation, unless otherwise stated. The method followed by Melbourne Water's analytical service provider is based on the method described by Kampbell & Vandegrift () , which utilizes Henry's law to measure dissolved methane concentrations.
Analytical method
The six bottle samples and the six vial samples from each sample location were randomly divided between the Commonwealth Scientific and Industrial Research Organisation (CSIRO) project team (Operator A) and Melbourne Waters' analytical service provider (Operator B) in order to validate and compare the dissolved methane in the collected samples. The samples measured by Operator A were analysed using a headspace gas chromatography flame ionisation detector (HS-GC-FID) unit, as previously described in Beale et al. () . The approach undertaken by Operator B also employed a calibrated GC-FID methodology, which would suggest the methods are comparable. However, the point of difference between the two operators relate to how the samples were prepared and the sample delivery to the GC. Operator A utilises the salting out method and the use of a headspace autosampler for sample delivery while Operator B utilises Henry's law and manual injections using a gas tight syringe following the industry standard protocol based on the method described by Kampbell & Vandegrift () .
Quality control
To ensure quality control/quality assurance, the sample sequence for the analysis was randomly prepared. Furthermore, two low level spikes (5.0 and 0.1 mg L À1 methane)
in conjunction with a procedural and laboratory blank were included in the sample sequence at regular intervals (1,9).
Synthetic wastewater and wastewater sludge
In order to assess the stability of samples after sample preparation, 15 synthetic water and 15 wastewater sludge samples were prepared using the protocol previously described in the methodology section (Sample preparation). Synthetic water was selected as a matrix for analysis as it represented a wastewater sample that comprised similar physical and chemical properties of real wastewater and could be dosed with a known amount of methane. Furthermore, wastewater sludge was selected as a real world matrix as it represents a near saturated methane sample which comprises physical, chemical and microbial attributes that may impact the stability of methane over time. 
, H 2 SO 4 (0.2 ml L À1 ) and Unimin clay (18.0 g L À1 ) sparged with methane was used in order to produce a methane saturated synthetic wastewater.
RESULTS AND DISCUSSION
The accuracy of the analytical method was evaluated using Sample #ID 2 (the 55E anaerobic lagoon sample) spiked with low doses of methane at concentrations of 5.0 and 0.1 mg L À1 (n ¼ 5). In addition, a procedural and laboratory blank (n ¼ 5) was analysed. The relative standard deviations (RSD%) of these samples were calculated and found to be within acceptable limits (<5%) for the 5.0 mg L À1 spike (2.3%), as were the procedural and laboratory blank samples (<0.01 RSD%). However, the RSD for the 0.1 mg L À1 spike sample was determined to be 10.3%. The higher than expected RSD% is most likely due to a syringe error when spiking small concentrations of methane into the sample via a gas tight syringe. 
Sample degradation
Once collected, it is standard procedure for samples to be analysed within 72 hours, as per the United States Environmental Protection Agency (US EPA) method titled 'Technical guidance for the natural attenuation indicators: methane, ethane and ethene' (Kampbell & Vandegrift ; USEPA ). However, there is no discussion in the available literature on the stability of samples once prepared, especially for samples prepared and preserved using the salting out method as used in this study by Operator A. As such, a series of degradation experiments were devised and undertaken using synthetic wastewater dosed with methane and a bulk sample of wastewater.
As illustrated in Figure 1 , both the synthetic wastewater and the wastewater sludge samples experienced some form of sample degradation within 5 days of being prepared.
Figure 1(a) shows that the synthetic wastewater samples exhibited decreases in methane recovery of 11.8% after 5 days when compared to Day 1. Furthermore, a comparison of the equivalent time period for the wastewater samples, a more pronounced decrease of 32.7% was observed (further degradation was observed beyond Day 5 -data not shown). This indicates that from the time samples are prepared until the time samples are analysed, the methane in the sample has the potential to undergo chemical degradation, and in the case of the wastewater sludge samples, biological degradation. The cause and rate of this degradation is unknown and requires further research, however, in order to ensure acceptable methane recovery (within 5%), it is advised that samples be analysed prior to Day 3 and Day 4, respectively (as indicated in Figure 1 ). This theoretically enables more time for the analysis of wastewater samples to occur, noting that the literature already states samples need to be prepared within 72 hours of collection to avoid losses and account for microbial activity. As in a previous study, with the addition of sample preservation in the form of salt and acid, the time between sampling and analysis can be further extended (Beale et al. ) . Figure 2 illustrates the determined concentrations of methane from the collected samples that were divided and analysed by the two laboratories. Overall, the results indicate variability in dissolved methane concentrations based on temporal and location factors within the wastewater and the anaerobic ponds sampled. As illustrated in Figure 2 , it was found that concentration of dissolved methane was highest at the location of Sample #ID 1 (underneath the 55E Cover) [ ] at the 55E pumping station, which is located immediately after wastewater exit from the cover. Similarly, Sample #ID 5 taken at the 25W pumping station had a relatively high mean methane concentration of 9.54-10.29 mg L
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. Samples #ID 2 and #ID3 were both taken towards the outlet of the lagoons after contact with aerators, and both showed the lowest methane concentrations: Sample #ID3 from the 25W anaerobic lagoon had a mean methane concentration of 4.65-5.68 mg L À1 and Sample #ID 2 (55E anaerobic lagoon) had a mean methane concentration of 0.08-0.10 mg L
. The hydraulic residence time of the 55E anaerobic lagoon (noting that this lagoon was recently dredged and has a longer retention time when compared with the 25W anaerobic lagoon), the velocity and flow characteristics at the pumping stations and the intracellular methane bacterial load within each sample would have impacted the dissolved methane concentrations measured, and needs to be considered when undertaking future sampling programs.
As detailed in Figure 2 , nine of the samples analysed by Operator A were found to have a RSD above 5%, with three samples observed to have a RSD between 11.1-18.9%. Five of these samples that had RSD% values between 5 and 10% with the significance of these RSDs dependent upon the reproducibility of the sample (which is difficult when analysing wastewater), the sample size and the number of replicates. As such, in this type of study where the samples are not homogenous and the target analyte is volatile, a RSD of 10% is considered acceptable. In contrast, 12 of the samples analysed by Operator B were found to have an RSD above 5%, with three samples observed to have an RSD between 11.2-15.3%.
Statistical analysis of the dissolved methane concentrations using the two different approaches, and analysed the standard deviation of the sample replicates, and relative standard deviation of the sample replicates (determined by dividing the standard deviation by the mean, then multiplying by 100) is provided in the text boxes. The mean is calculated using three sample replicates (n ¼ 3). All samples were analysed within 24 hours of preparation.
using the salting out method demonstrated significant variability in concentrations of methane (summarised in Table 2 ). In summary, samples collected from location Sample #ID 3 using the bailer device had a significantly higher mean methane concentration than the telescopic sampler method, although it is noted that these samples contained significant quantities of active sludge which is expected to have impacted the results. However, Sample #ID 1, Sample #ID 4 and Sample #ID 5 were considered more comparable in terms of mean methane concentrations. For these samples, the samples collected using the telescopic sampler were found to be statistically higher. It should be noted that Sample #ID 2 was observed to not have any measureable methane at concentrations higher than 0.10 mg L
, but this is expected given the aerobic/facultative nature at the sampling point of Pond 1.
It is also noteworthy to mention that a fully compressive comparison between the observed concentrations reported by the two laboratories could not be made, as the samples themselves were considered different (i.e., sampled at different depths and times). In order to compare the two approaches statistically and without error, either analytical laboratory would need to undertake a full analysis following both approaches (i.e., the salting out method and the method that uses Henry's law) using the same sample collected.
In an attempt to compare the datasets from the two laboratories, the data were first divided based on how the samples were collected, namely 'bottle' for the samples collected using the novel sample bailer device and 'vial' for the samples collected using the telescopic sampler. The data from these two cohorts were then grouped according to the source of the data, namely Operator A and Operator B, with the objective of comparing analytical techniques. These data were then assessed for variances using a F-Test, followed by a tTest (assuming unequal or equal variances from the F-Test results) to determine the significance of any observed differences, and lastly a single factor analysis of variance (ANOVA) is undertaken in order to assess the variation within the group and how that variation translates into variation between the groups. A summary of this analysis is provided in Supplementary Table S1 (available with the online version of this paper).
Figure 3 provides a comparison of the mean methane concentrations of the samples in the bottle cohort and vial cohort analysed by Operator A and Operator B. As illustrated, Operator A's analysis is consistently higher for the bottle cohort Samples #IDs 1, 4 and 5. Noting that Samples #IDs 2 and 3 are excluded from this comparison, as Sample #ID 2 is found to have negligible dissolved methane and Sample #ID 3 is greatly affected by the contribution of sludge quantities contained within bottle and vial sampling procedures. Furthermore, the reason for this variation is most likely due to a combination of differences between the two methodologies. For example, one explanation may be because of the variation in sample collection (novel bailer) and preparation (i.e., sonication and salting). Again, this is speculative and without further sampling and analysis of the same samples this cannot be confirmed. However, it should be noted that lysis occurs during sonication (Feliu et al. ) , for the samples when prepared following the protocol used by the project team. This has the potential to release intracellular methane into the sample and lead to an increased methane recovery. The contribution of intracellular methane after sonication is unknown and more research is needed to quantify its contribution to the dissolved methane concentration detected. However, as detailed previously (Beale et al. ) , sonication as a pre-treatment step did not statistically increase the recovered methane concentrations of the samples but increased the precision of the sample replicates. As such, the contribution caused by sonication can be considered negligible.
Interestingly, a comparison of the mean methane concentrations of the samples in the vial cohort was not as Mean methane concentration for samples collected using the telescopic sampler and analysed using the optimised analytical analysis procedure.
*If the F-Test Two Sample for Variances ratio of F: F Critical one-tail is greater than 1, then the sample populations are unequal.
If the t-Test: Two-Sample Assuming Unequal/Equal Variances ratio of t-Stat: t Critical twotail is greater than 1, then the observed difference in sample mean is significant.
conclusive as the bottle cohort comparison. Excluding Sample #IDs 2 and 3, as previously explained, the results for Sample #ID 1 were significantly different, whereas Sample #IDs 4 and 5 were closer in value and not as conclusive. Again, this is speculative and without further sampling and analysis of the same samples it cannot be confirmed if one approach is more reliable/accurate than the other for the samples collected in the vial cohort.
CONCLUSIONS AND RECOMMENDATIONS
Concentrations of dissolved methane in the sampled wastewater varied from 0.08 to 18.73 mg L À1 using the novel bailer sampling device and following the analytical protocol followed by Operator A. In contrast, the same samples collected using the novel bailer but analysed using the analytical protocol of Operator B ranged from 0.01 to 14.33 mg L À1 . Statistical analysis of the dissolved methane concentrations using the two different approaches, and analysed by the same analytical protocol developed by Operator A demonstrated a significant difference in the samples collected from Sample #ID 1 and Sample #ID 3, while Sample #ID 4 and Sample #ID 5 were considered comparable. The highest concentration of methane recovered was from covered anaerobic lagoon (Sample #ID 1) and the pump lagoon pump (Sample #ID 4), which ranged from 17.78 mg L À1 to 18.73 mg L À1 and 15.97 mg L À1 to 17.76 mg L À1 , respectively.
In future sampling events, it is recommended that the number of samples to be collected be kept to a minimum of three, and where possible increased to five samples per location and thus determine an average value for dissolved methane which is more representative of the location accounting for flow and sample matrix variations. Furthermore, samples should be preserved within 72 hours of collection and analysed with 4 days of sample preparation/preservation.
